A coupled, cell-free system for the transcription and translation of reovirus mRNA was developed. Activated reovirions were incubated with reticulocyte lysate and an appropriate energy mix. Active transcription was obtained, but protein synthesis was inhibited after a short lag even by low concentrations of reovirions. This inhibition was abolished by the addition of the kinase inhibitor 2-aminopurine. With this addition, the synthesis of viral proteins could be detected in reaction mixtures containing nuclease-treated reticulocyte lysate. The binding of nascent reovirus mRNA to 80S initiation complexes measured after 2 min of incubation was greatly inhibited, whereas the binding of cellular mRNA added to the same reaction mixtures for the next 2 min was not inhibited. The inhibition of reovirus mRNA binding could not be explained by the synthesis of defective templates, since most of the mRNA could be bound to 80S complexes after the addition of 2-aminopurine. These results indicate that the binding of nascent reovirus mRNA was preferentially inhibited by a protein kinase. Reovirions preincubated with reticulocyte lysate could phosphorylate initiation factor eIF-2. This phosphorylation was inhibited by the addition of high concentrations of double-stranded RNA, which are inhibitory for the eIF-2 kinase present in elevated levels in reticulocyte lysate and in interferon-treated cells. These results indicate that the translation of viral mRNA may be preferentially inhibited in interferon-treated cells by the eIF-2 kinase activated by viral transcriptional complexes containing double-stranded RNA.
The treatment of animal cells with interferon (IFN) elicits an antiviral state characterized by an impairment of the replication of most viruses. The mechanisms responsible for this antiviral state have been extensively investigated, but only 2'-5'-oligoadenylate (2-5A) synthetase and 2-5A-dependent endonuclease (RNase L) have been implicated in the inhibition of reovirus replication and in the cleavage of viral mRNA (1, 16). Other antiviral mechanisms are thought to result from the activity of proteins present in elevated levels in IFN-treated cells. These proteins can be detected by gel electrophoresis (22) , but their function is unknown, with the exception of a protein kinase (PKdS) that is activated by double-stranded RNA (dsRNA) and phosphorylates the a subunit of initiation factor eIF-2 (6) . This phosphorylation leads to the inhibition of protein synthesis, which is caused by a block in the assembly of initiation complexes (4, 9, 20) . Some eIF-2(aP) is found in 48S complexes containing a small ribosomal subunit and mRNA (4) . These 48S complexes apparently accumulate because eIF-2(aP) cannot be dissociated from GDP and Met-tRNAf by protein factors that promote its recycling (8, 21) . These factors form complexes with eIF-2(aP), and protein synthesis is completely inhibited when the recycling factors are blocked in such complexes (14) .
We recently reported that mRNA covalently linked to dsRNA is preferentially inhibited from binding to 80S initiation complexes by a localized activation of PKds (5) . These experiments were carried out with reticulocyte lysate, which contains elevated levels of PKds, and with model polynucleotides constructed by annealing polyuridylate [poly(U)] to the polyadenylate [poly(A)] sequence of mRNA (5) . This duplex activated PKdS, which phosphorylated eIF-2; mRNAs containing the duplex and eIF-2(aP) were found in 48S complexes (5) . When transcribed by replicative complexes of RNA viruses, viral mRNA is covalently linked to dsRNA.
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Therefore, we suggested that a localized activation of PKd, results in preferential inhibition of the binding of viral mRNA to initiation complexes (5) .
The present experiments were designed to examine whether mRNA synthesized by viral transcription complexes is preferentially inhibited from binding to initiation complexes by the activation of PKd,. Purified reovirions were activated to promote the transcription of viral mRNA in the presence of reticulocyte lysate, which provided the components necessary for protein synthesis. This cell-free system coupled the transcription of reovirus mRNA to its translation and allowed us to study its binding to initiation complexes. The results obtained indicate that this binding is preferentially inhibited relative to that of cellular mRNA.
MATERIALS AND METHODS Cells and virus. Reticulocytes were obtained from rabbits injected with phenylhydrazine; lysates were prepared as described previously and supplemented with 50 ,M hemin (4). Reticulocyte lysate treated with micrococcal nuclease was purchased from Promega Biotec. Murine L cells were grown and infected with reovirus type 3 (Dearing strain) as previously described (1). Reovirions were purified by two successive isopycnic sedimentations in CsCl, dialyzed against 10 mM Tris buffer (pH 8), and stored at 2°C (3).
Coupled transcription-translation. Samples of reovirion preparation were heat treated for 1 min at 60°C to activate the transcription of viral mRNA (1). To measure transcription, 12.5 ,ug of activated reovirions was incubated at 37°C with 15 Binding assays. Coupled reactions were supplemented with 0.1 mM emetine to block mRNA in 80S initiation complexes and were fractionated by centrifugation on sucrose gradients as previously described (4) . The gradient fractions were precipitated with 1.3% cetyltrimethylammonium bromide and collected on nitrocellulose filters for counting (4). HeLa cell mRNA labeled with [3H]uridine was prepared as previously described (5) .
Protein kinase assays. Coupled reaction mixtures or reaction mixtures containing reovirions but no lysate were incubated for 4 min at 37°C. Ice-cold buffer A (0.15 ml) was added to each reaction mixture, and reovirions were pelleted by centrifugation in a Microfuge, resuspended in 10 p.1 of buffer A, and incubated for 4 min at 30°C with 5 ,uCi of [-y-32P]ATP. Where indicated, 5 ng of initiation factor eIF-2 purified from rabbit reticulocytes (a kind gift of William C. Merrick) was added to the reactions. The proteins were fractionated on 10% polyacrylamide-0.26% bisacrylamide gels. RESULTS Coupled transcription and translation of reovirus mRNA. The initial goal of this investigation was the development of a cell-free system in which the transcription of viral mRNA could be coupled to its translation. Reovirions were purified by repeated isopycnic gradient centrifugations (3) and were activated to transcribe viral mRNA (1). Activated reovirions were incubated with rabbit reticulocyte lysate and an energy mix containing all the components required for both transcription and translation (see above). Viral RNA was synthesized linearly for at least 30 min (Fig. 1A) . We previously reported that the accumulation of reovirus mRNA in transcription reactions containing IFN-treated cell extract was greatly increased by adding an inhibitor of RNase L, the 3'-methyl analog of 5'-monophosphate 2-SA trimer (1). When 1 p.M analog was added to a transcription reaction containing reticulocyte lysate, the yield of viral RNA increased significantly (Fig. 1A) . This analog could presumably prevent the activation of RNase L by the 2-SA produced by the 2-SA synthetase present in reticulocyte lysate (10) . In all subsequent experiments, therefore, we added the 2-SA analog to prevent the cleavage of reovirus mRNA by RNase L. The synthesis of viral RNA was optimal when 0.35 mM S-adenosylmethionine was added to the reactions (Fig. 1B) . This compound is required for the capping of reovirus mRNA (19) , and uncapped reovirus mRNA is degraded when incubated with reticulocyte lysate (7). Higher concentrations of S-adenosylmethionine were inhibitory, possibly because of the formation of S-adenosylhomocysteine during the incubation, since the addition of this compound inhibited the accumulation of reovirus mRNA ( Fig. 1B ; data not shown). The synthesis of viral RNA increased with the input of reovirions up to 10 ,ug/25 p.l of reaction mixture and then appeared to level off (data not shown).
In initial experiments, the endogenous protein synthesis of reticulocyte lysate was measured in reaction mixtures containing 12.5 p.g of reovirions per 25 p.l of reaction mixture.
Protein synthesis was inhibited after an initial 3-to 5-min lag (Fig. 2) . This lag was extended when the amount of reovirions added was reduced by 1/10 or 1/100 (Fig. 2) . This pattern of inhibition is characteristically observed upon the addition of dsRNA to reticulocyte lysates (13) . The inhibition of protein synthesis by dsRNA can be prevented or reversed by the addition of 10 mM 2-aminopurine, a kinase inhibitor (4, 6) . Accordingly, with this addition the rate of protein synthesis in the presence of reovirions was almost identical to that of a control incubation (Fig. 2) . This suggested that the inhibition of protein synthesis by reovirions was the consequence of the activation of a protein kinase by viral dsRNA.
All three size classes of reovirus mRNA appeared to be synthesized in this cell-free system, as shown by the analysis of the RNA by gel electrophoresis (Fig. 3A !. The synthesis of viral proteins by the coupled, cell-free system was investigated by substituting nuclease-treated mRNA-dependent reticulocyte lysate for the untreated lysate used in previous experiments. Several polypeptides corresponding in Mr to viral proteins were detected by gel electrophoresis of a reaction mixture containing 10 mM 2-aminopurine (Fig. 3B) . These results indicated that the coupled, cell-free system could transcribe and translate viral mRNAs with fidelity. with untreated reticulocyte lysate in short incubations to measure mRNA binding to initiation complexes before the generalized inhibition of protein synthesis shown in Fig. 2 could take place. It was necessary to add a concentration of reovirions sufficient to synthesize a detectable amount of viral mRNA in a short incubation.
The binding of mRNA to initiation complexes was assayed by centrifuging the reactions on sucrose gradients as previously described (4). In these gradients, unbound mRNA sediments at about 40S, and mRNA bound to a small ribosomal subunit sediments at 48S (4). Reovirus mRNA synthesized in a 2-min incubation failed to a large extent to bind to 80S initiation complexes and sedimented at about 48S (Fig. 4A) . This was not the consequence of a generalized and immediate inhibition of the initiation of protein synthesis, since HeLa mRNA added to a sample of this incubation for the following 2 min could bind to 80S initiation complexes (Fig. 4B) . The reovirus mRNA synthesized from 2 to 4 min again could not efficiently bind to 80S complexes and accumulated in the 48S peak (Fig. 4B) . This failure to bind to initiation complexes was not caused by the synthesis of defective reovirus mRNA, since in the presence of 10 mM 2-aminopurine most of the reovirus mRNA could bind to 80S complexes (Fig. 4C) . These results clearly indicate that the binding of nascent reovirus mRNA to initiation complexes was preferentially inhibited relative to another mRNA added to the coupled, cell-free system. This inhibition appeared to be specific for nascent viral mRNA (i.e., mRNA being transcribed in the presence of reticulocyte lysate), since reovirus mRNA could bind to 80S complexes when incubated with reticulocyte lysate after its release from viral transcriptional complexes. This was established by spinning out these complexes and incubating the RNA phenol extracted from the supernatant with reticulocyte lysate (Fig. 5) .
Mechanism of preferential inhibition of mRNA binding to initiation complexes. Our working hypothesis to explain the preferential inhibition of the binding of nascent reovirus mRNA to initiation complexes was based on the activation of PKd, by viral dsRNA. This kinase could preferentially phosphorylate eIF-2, which became associated with mRNA being synthesized by viral transcription complexes containing dsRNA. This preferential phosphorylation of eIF-2 may explain the selective inhibition of reovirus mRNA binding to 80S complexes shown in Fig. 4 itory for PKdS and can prevent its activation (6, 13) . The reovirions were pelleted, suspended, and incubated in buffer containing [y-32P]ATP. Purified eIF-2 was added to parallel incubations (Fig. 6) . A few faintly phosphorylated polypeptides were detected in the assay containing reovirions preincubated with poly(I C) (Fig. 6A) . A polypeptide corresponding to PKdS (12, 18) and the a subunit of eIF-2 were markedly phosphorylated by reovirions preincubated with reticulocyte lysate without added dsRNA (Fig. 6B) . By adding purified eIF-2 to parallel incubations, the a subunit of this initiation factor was clearly identified (Fig. 6D) . Some phosphorylation of the 0 subunit of eIF-2 was also detected in this assay (Fig. 6D) . The phosphorylation of these polypeptides was greatly inhibited when reovirions preincubated in reaction mixtures with high concentrations of poly(I C) were incubated with eIF-2 (Fig. 6C) . Control experiments showed that reovirions alone could not phosphorylate eIF-2 in a kinase assay (data not shown).
These results support the hypothesis that PKd, in reticulocyte lysate binds to reovirions and phosphorylates eIF-2. In the presence of high concentrations of dsRNA, either the activation of PKd, or its binding to reovirions was inhibited.
Some eIF-2 in the lysate was also bound to reovirions, but the present experiments could not establish whether this eIF-2 was associated with nascent reovirus mRNA. It should be pointed out that the kinase reactions were carried out with very low concentrations of ATP. Since PKdS has a very low Km for ATP (12) , this kinase and eIF-2 were the only proteins efficiently phosphorylated in these reactions. When higher concentrations of ATP were added to parallel incubations, other phosphorylated polypeptides were detected (data not shown).
DISCUSSION
A cell-free system was developed to couple the transcription and translation of reovirus mRNA. This cell-free system contained rabbit reticulocyte lysate and carried out transcription linearly at a rate comparable to that of isolated reovirions, which was determined in previous experiments (1). All three size classes of reovirus mRNA were synthesized in this coupled system (Fig. 3A) . However, protein synthesis was inhibited by viral dsRNA; this inhibition was abolished by the protein kinase inhibitor 2-aminopurine, and viral proteins were synthesized by mRNA-dependent lysate in the presence of this compound (Fig. 3) . The coupled system was not optimized for the synthesis of viral polypeptides, which was previously shown to be sensitive to ionic conditions (19) , since it was only used to study the binding of nascent reovirus mRNA to ribosomes and the formation of initiation complexes.
Nearly all the viral mRNA synthesized could bind to 80S initiation complexes in the presence of 2-aminopurine (Fig.  4C ). This indicated that functional mRNA was synthesized by the coupled, cell-free system. Without the addition of 2-aminopurine, the initiation of protein synthesis was inhibited after a few minutes of incubation (Fig. 2) . This inhibition was observed even when the concentration of reovirions in the incubation was reduced 100-fold (Fig. 2) . Since enough reovirions had to be added to the coupled system to synthesize measurable amounts of viral mRNA, there was no way to avoid this generalized inhibition of protein synthesis, which was apparently due to the catalytic phosphorylation of eIF-2 by PKdS activated by viral dsRNA. Of necessity, experiments designed to examine whether the binding of nascent reovirus mRNA to initiation complexes was preferentially inhibited in the coupled, cell-free system had to be carried out in the first few minutes of incubation, before protein synthesis was inhibited. The formation of initiation complexes could be measured in these experiments, since it takes less than 2 min for mRNA to bind to reticulocyte ribosomes (2) .
Most of the nascent reovirus mRNA failed to bind to VOL. 54, 1985 on September 29, 2017 by guest http://jvi.asm.org/ Downloaded from initiation complexes, whereas another mRNA added to the incubations could bind quite well (Fig. 4B ). Both mRNAs were bound in the presence of 2-aminopurine (Fig. 4C ). This indicated that the binding of nascent reovirus mRNA was preferentially inhibited by a mechanism involving a protein kinase, presumably PKd,. This enzyme binds to dsRNA and is activated upon binding (11) . In the present experiments, the binding of PKd, to reovirions was directly shown (Fig. 6 ).
The activated kinase could apparently phosphorylate eIF-2, which was involved in the formation of initiation complexes containing nascent reovirus mRNA, and thus preferentially block its binding to 80S complexes.
The localized activation of PKds was recently demonstrated in experiments with mRNA containing the dsRNA poly(A-U) at its 3' terminus (5). The binding of this mRNA to 80S initiation complexes was preferentially inhibited when eIF-2 was phosphorylated (5). In those experiments, the mRNA was stably linked to dsRNA. In the present experiments, the viral mRNA was transiently linked to the dsRNA of viral transcription complexes while it was being synthesized. The preferential inhibition of binding may be due to the proximity of the site of activation of PKd, to the eIF-2 interacting with these mRNAs and small ribosomal subunits during the assembly of initiation complexes. The localized activation of 2-5A synthetase-RNase L system was previously shown in experiments with the replicative intermediate of encephalomyocarditis virus and with model polynucleotides containing mRNA covalently linked to dsRNA (15) . Evidence for the preferential cleavage of Proteins were fractionated by gel electrophoresis (see the text). The positions of the a and j subunits of eIF-2 were determined by staining this purified protein run in a parallel track, and the position of PKd, was determined from the Mr reported previously (11, 17) .
The position of protein markers is also indicated. nascent viral mRNA by this mechanism was recently obtained by carrying out reovirion transcription in the presence of extract from IFN-treated cells (1). Nascent viral mRNA may be preferentially cleaved in IFN-treated cells infected with reovirus (16) , and this may represent an important antiviral defense mechanism. Similarly, the localized activation of another IFN-induced enzyme, PKd,, may inhibit the translation of viral mRNA by preventing its binding to 80S initiation complexes. The viral mRNA could be blocked in 48S complexes containing eIF-2(a.P), which are slowly dephosphorylated by phosphatases (A. DeBenedetti and C. Baglioni, J. Biol. Chem., in press). This mechanism for the inhibition of viral mRNA translation would not require a generalized inhibition of protein synthesis in IFN-treated cells, since a few transcription complexes in infected cells could activate a small fraction of the PKdS, and only a small part of eIF-2 would be phosphorylated. This agrees with the finding that protein synthesis is not inhibited in IFN-treated HeLa cells infected with reovirus at a low multiplicity of infection (17) . However, protein synthesis is inhibited in HeLa cells with high levels of PKdS infected at a high multiplicity of infection, and this inhibition is correlated with eIF-2a phosphorylation (17) . There is yet no direct evidence for an antiviral mechanism based on PKdS activity in intact cells, and we are presently trying to design experiments directed at testing whether viral mRNA synthesized in IFN-treated cells may be prevented from binding to initiation complexes by eIF-2a phosphorylation. 
